A supplemental appendix to this article is published electronically only at ABSTRACT We previously demonstrated a role for α11β1 integrin in periodontal ligament (PDL)-driven tooth eruption in the mouse. To explore a possible role for α11β1 in the human periodontium, we have characterized the expression and function of α11 in human PDL tissue, in human PDL fibroblasts (hPDLF), and in human gingival fibroblasts (hGF). α11 expression was detected in PDL tissue, in hPDLF, and in hGF cells. Platelet-derived growth factor-BB and insulin-like growth factor II stimulated contraction of collagen lattices by both types of fibroblasts. α2 integrin blocking antibodies and the use of α11 siRNA demonstrated a role for both α2β1 and α11β1 in collagen lattice remodeling. Analysis of the proximal ITGA11 promoter from persons with chronic periodontal disease failed to reveal any polymorphism. Analysis of our data shows that α11β1 is a major collagen receptor on cultured human PDL cells and implies that it is also functionally important in the PDL in vivo.
T he periodontal ligament (PDL) is a thin specialized multifunctional tissue at the interface between tooth and bone composed of a basic framework of collagen I fibers. During tooth eruption, the PDL has been suggested to provide the force needed for this process (Beertsen and Hoeben, 1987) . After eruption, the ligament serves as an efficient attachment mechanism of teeth to bone. In mammals, PDL is the tissue with the highest turnover of collagens (Beertsen and Everts, 1977) . PDL also harbors a variety of cell types that can generate fibroblasts, osteoblasts, and cementoblasts after disease or injury (Gay et al., 2007) . It is likely that a combination of direct binding to the collagen matrix via the collagen-binding integrins (Popova et al., 2007a) , and indirect αVβ3 integrin-mediated binding bridged via collagen-binding proteins like periostin (Butcher et al., 2007) are involved in the PDL collagen-attachment mechanisms. We have shown, in a mouse model, that α11β1 integrin is an important receptor on embryonic fibroblasts and incisor PDL cells for direct attachment to collagen, and that α11β1 integrin is needed for incisor eruption to occur (Popova et al., 2007a) .
Severe PDL defects are observed in conditions afflicting connective tissues (Pope et al., 1992; Straub et al., 2002) . This suggests that defective PDL can be a factor contributing to increased susceptibility to periodontal disease. Recently, αVβ6 integrin was shown to be central for preventing periodontal disease (Ghannad et al., 2008) . There is great interest in finding regimens that will selectively stimulate the regeneration and repair of PDL over ingrowths of gingival tissue (Taba et al., 2005) . Growth factors such as platelet-derived growth factor-BB (PDGF-BB) and insulin-like growth factor-II (IGF-II) can stimulate PDL cell migration (Nishimura and Terranova, 1996; Nemoto et al., 2004) .
Attempts have been made to characterize which integrins are expressed in human PDL tissue (Palaiologou et al., 2001) and PDL cells (Lallier et al., 2007) . The latter studies have been hampered by the lack of reagents for the detection of the α10 and α11 integrin chains.
In this study, we aimed at characterizing the collagen-binding integrins in human PDL and in cultured primary gingival fibroblasts (hGF) and PDL fibroblasts (hPDLF). We explored their function in collagen reorganization in 3-D collagen lattices using function-blocking antibodies and siRNA, and investigated whether stimulation of α11β1 by IGF-II increased the contraction. Finally, we examined if polymorphisms in the proximal ITGA11 promoter were associated with chronic periodontal disease.
MATERIALS & METHOdS
Cell Cultures (For additional details, see the Appendix.)
Primary hPDLF and hGF were obtained from tissue explants of healthy molar PDL and gingival tissue from individuals 18-35 yrs of age (Liu et al., 1991; Mustafa et al., 1998) . C2C12 cells and C2C12 cells transfected with cDNA J Dent Res 88(7) 2009 encoding human α1, α2, α10 or α11 integrin chains (Briesewitz et al., 1993; Camper et al., 1998; Tiger et al., 2001) were cultured in the presence of 10 µg/mL puromycin or 1 mg/mL G-418.
Tissue
PDL tissues from the mid-half of the roots of periodontally healthy third molars from individuals 17-23 yrs of age, and of chronic periodontally diseased second molars from individuals 54-68 yrs of age, were included for mRNA analysis.
For PDL protein extraction, samples were obtained from periodontally healthy molars and from periodontally diseased premolars and one incisor from persons with chronic periodontal disease, ages 51-69 yrs. Ethical approval by the Regional Committee for Medical Research Ethics (REK), Western Norway, # 177.04, and informed consent were obtained.
Quantitative PCR (QPCR)
Total RNA extraction from tissue or cells was followed by cDNA synthesis as described previously (Popova et al., 2004) . For primer details, see the Appendix. Integrin gene expression analysis was performed by TaqMan ® Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) following the manufacturer-recommended protocol. Each of the genes was run in triplicate for each cell line on the 96-well plate. We used the comparative Ct method to calculate relative mRNA expression (Livak and Schmittgen, 2001) . All quantifications were normalized to GAPDH. The expression of α1, α2, α10 and α11 integrin mRNA in hPDLF1 was defined as 1 (calibrators).
Immunoprecipitation
Cells were labeled with 35 S ProMix (GE Health Care, Oslo, Norway) and immunoprecipitated with antibodies to collagen-binding Figure 1 . Quantitative real-time PCR of human collagen-binding integrin chains a1, a2, a10, and a11 mRNA isolated from cultured human gingival fibroblasts, hGF1-3, and periodontal ligament fibroblasts, hPDLF1-3. GAPDH served as endogenous control. The experiment was performed in triplicate for each cell line. Error bars indicate the range of possible RQ values defined by the standard error (SE) of the delta threshold cycles (DCTs). hPDLF1 was the calibrator sample, and relative expression of a1, a2, a10, and a11 was defined as 1.
integrins as described previously (Tiger et al., 2001) . Proteins were separated on 6% SDS-polyacrylamide gels under nonreducing conditions and processed for autoradiography.
Immunofluorescence
Cells were fixed in acetone for 8 min at -20°C, incubated with antibodies to collagen-binding integrins for 45 min, washed in PBS, and incubated with Cy3-labeled goat anti-rabbit or goat anti-mouse secondary antibodies (Jackson ImmunoResearch Europe Inc., Suffolk, UK) as described (Popova et al., 2007a) . C2C12 cells stably transfected with cDNA encoding human integrins α1, α2, α10, or α11 were used as positive controls (data not shown), with the untransfected parental cells as negative controls.
Collagen Gel Contraction
The collagen gel contraction assay has been described previously (Gullberg et al., 1990) . DMEM without any growth factors, or containing 10 ng/mL of IGF-II or 5 ng/mL of PDGF-BB (R&D, Minneapolis, MN, USA), or α1 (clone FB12, Millipore, Billerica, MA, USA) or α2 (clone P1E6, Millipore) integrin blocking IgG mixed with IGF-II, was added to gels at the time of detachment.
Free-floating gels were incubated at 37°C, and gel diameter was measured under a microscope at the indicated time-points.
Integrin α11 Silencing with siRNA hGF1 and hPDLF1 cells were transfected with ON-TARGET plus siRNA (Dharmacon, Lafayette, CO, USA) to human integrin α11 or to a non-targeting sequence with HiPerFect transfection reagent (Qiagen, Hilden, Germany) and analyzed after 36-40 hrs in collagen gel contraction assay or processed for Western blotting. ON-TARGET plus GAPDH control siRNA was used as the transfection efficiency indicator. ON-TARGET plus Non-Targeting siRNA was used as the negative control.
western Blotting
Proteins were extracted from cells or tissues with SDS sample buffer (BioRad, Hercules, CA, USA) or PBS containing Triton X-100 and protease inhibitors (Complete Mini, without EDTA; Roche, Basel, Switzerland), separated on 6% SDSpolyacrylamide gels under reducing conditions (BioRad), and subjected to immunoblotting with primary anti-human α11 serum (1:500) (Velling et al., 1999) and anti-β-actin IgG (1:5000; clone AC-15, Sigma, St. Louis, MO, USA). Population for the Polymorphism Study
The study group consisted of 60 persons referred to the Academic Center of Dentistry Amsterdam (ACTA) for treatment of chronic periodontal disease. The control group was comprised of 49 healthy individuals visiting the dental school for restorative dental procedures. The 223-bp upstream region encompassing the minimal promoter region of the gene encoding ITGA11 (Lu et al., 2006) was sequenced and analyzed for polymorphisms. The locations of the PCR primers used to analyze the proximal promoter are shown in Appendix Fig. 4 .
RESULTS

The Repertoire of Collagen-binding Integrins
Analyses of collagen-binding integrin mRNA and protein levels were performed on 3 different fibroblast isolates from the periodontium (hPDLF1-3) and gingiva (hGF1-3) by QPCR, metabolic protein labelling, and immunofluorescence. The α1, α2, and α11 integrin subunits were detected in hPDLF 1-3 and hGF 1-3 at mRNA (Fig. 1) , as well as at the protein level ( Figs. 2A -2C) , with various degrees of expression in the 6 different cell isolates. By QPCR, α10 mRNA was detected only in the hPDLF cells, and was only faintly expressed. α11 mRNA was expressed by both cell types, but more in the 3 hPDLF cell isolations (Fig.1) . One pair of cell isolates (hPDL1 and hGF1) was used for further analysis. By immunoprecipitation of metabolically labeled hPDLF1 and hGF1cells, α1, α2, and α11 integrin chains could all be detected, except for α10 ( Fig. 2A) . The levels of α11 appeared somewhat higher in hPDL1 cells compared with hGF1 cells, which was confirmed by Western blotting (Fig. 2B) . Indirect immunofluorescence of hPDLF1 and hGF1 cells showed that α1, α2, and α11 integrin subunits localized in focal contactlike patterns when cells were plated on collagen I (Fig. 2C ). 
IGF-II Induces Contraction of Collagen Lattices Mediated by α11β1 Integrin
Re-organization of 3D collagen lattices is a reflection of the contractile activity of fibroblasts. For both cell types, the addition of anti-β1 integrin antibody almost completely prevented collagen gel contraction, whereas the addition of anti-α1 and anti-α2 antibodies was not enough to block contraction completely, indicating that another integrin contributes to collagen gel contraction (Fig. 3A) . In the present study, we tested the influence of selected growth factors on the collagen-remodeling properties of hPDLF1 and hGF1. Stimulation with IGF-II and PDGF-BB increased the contraction of both cell types. Interestingly, hPDLF1 cells contracted the lattices to a larger extent than did hGF1 cells (Fig. 3A) . The effect of IGF-II on α11 levels was estimated by Western blotting (Appendix Fig.  1) . In hGF1 cells which express moderate levels of α11, IGF-II, in a time-dependent manner, appeared to stimulate increased α11 protein synthesis, whereas in hPDL1 cells, displaying higher levels of α11 to start with, the effect of IGF-II on protein synthesis was not obvious. Using C2C12 cells, stably transfected with comparable levels of individual collagenbinding integrin chains (Appendix Fig. 2A ), we investigated whether PDGF-BB and IGF-II stimulated preferentially α1, α2, or α11 integrin-mediated collagen gel contraction (Appendix Fig. 2B ). Under the conditions used, both PDGF-BB and IGF-II stimulated contraction above the basal autocontraction level, and none of the C2C12-cell types displayed any preference for any particular growth factor (Appendix Fig.  2B ). Since function-blocking antibodies to α11 are not available, a protocol for siRNA-mediated down-regulation of α11 was established (Appendix Fig. 3) .
α11 siRNA blocked 10-20% of the contraction of both hGF1 and hPDLF1 cells, and the combined use of α11 siRNA and α2 antibody almost completely abolished the ability of both types of fibroblasts to contract the floating collagen lattices (Fig. 3B) . Control non-targeting siRNA did not affect collagen lattice contraction (Appendix Fig. 3A ).
The Repertoire of Collagen-binding Integrins in Healthy and diseased Periodontal Ligament Tissue
Reverse-transcriptase PCR analysis showed the presence of α1, α2, and α11 integrin mRNA in healthy and diseased PDL tissue, whereas α10 mRNA was not detected under the conditions used. Expression levels of integrins differed within healthy and periodontitis-positive groups themselves (Fig. 4A ). In the limited number of samples tested, Western blotting did not reveal consistent difference in α11 levels in the healthy and periodontitis samples (Fig. 4B ).
Sequence Analysis of the ITGA11 Promoter Region
Sequence analysis of the 223-bp upstream nucleotide region of ITGA11 promoter (Appendix Fig. 4 ) did not reveal any polymorphisms within the SBS1, SBS2, or ETS site, either in persons with disease or in healthy control individuals.
dISCUSSION
The role of integrins has been implied in a variety of biological functions (Hynes, 2002; Popova et al., 2007b; Takada et al., 2007) , but studies of integrin function in the tooth attachment apparatus have been surprisingly limited. Since collagen I is the most abundant ECM protein in PDL, we find it especially important to characterize the expression of the 4 collagenbinding integrins in the human PDL.
Integrins on human PDL cells have been analyzed previously (Palaiologou et al., 2001; van der Pauw et al., 2002; Takemura et al., 2006; Lallier et al., 2007) . One study used antibodies to the collagen-binding integrins α1β1 and α2β1 (Lallier et al., 2007) to investigate integrin-dependent cell migration. However, to our knowledge, no study of α10β1 and α11β1 integrin proteins has hitherto been performed.
Collagen gel contraction assay is a convenient way to analyze PDL collagen receptor function. 3D collagen re-organization assays with PDL cells have been suggested to mimic tooth eruption (Bellows et al., 1983) , but also reflect changes in granulation tissue organization following injury in the PDL.
We found that cultured human gingival and PDL cells expressed the 3 collagen receptors α1β1, α2β1, and α11β1, whereas no α10β1 protein could be detected. It has been suggested that α1β1 and α2β1 integrins are both functional in PDL cell interactions with collagen I, and also that an additional collagen receptor may be functional (Lallier et al., 2007) . In agreement with this suggestion, analysis of our antibody data showed that antibodies to α1 and α2 integrins could only partially block collagen gel contraction. In the case of PDL cells, more than 50% of the β1-integrinmediated contraction was not accounted for by blocking α1-and α2-integrin-mediated contraction. This lack of inhibition was most pronounced in the hPDL1 cells, which also express higher levels of α11 protein than the hGF1 cells. When protein levels of α11 were down-regulated by siRNA to α11, the cells displayed a clearly reduced capacity to contract the lattices, and when the treatment was combined with function-blocking antibody to α2, it almost completely abolished the ability of the cells to re-organize the collagen lattices. This concurs with our studies of α11β1 integrin on mouse embryonic fibroblasts, where it has been shown to be a major integrin mediating collagen lattice remodeling (Tiger et al., 2001; Popova et al., 2007a) . We conclude that, in human fibroblasts from the gingiva and PDL, α2β1 and α11β1 are the major collagen receptors mediating collagen lattice remodeling.
Our finding-that α11 protein levels appear higher in hPDL cells compared with hGF cells in general-does not agree with previous RNA data (Palaiologou et al., 2001; Gay et al., 2007) . This may relate to technical questions of RNA analysis, or the source of cells.
Whereas α11 expression in the adult mouse PDL is limited to incisor PDL tissue, this does not seem to be the case for human teeth, indicating that in humans the function of α11 in adult PDL is not restricted to incisors. α11 integrin was present in both healthy and inflamed PDL tissues, although the levels varied. Further analysis is required to resolve whether α11 levels are increased in inflamed PDL. J Dent Res 88 (7) 2009 We also investigated the influence of growth factors on integrinmediated events. Contraction of collagen lattices was stimulated with PDGF-BB and IGF-II, factors implied in PDL regeneration following injury (Ojima et al., 2003; Belal et al., 2006; Gotz et al., 2006) . Analysis of our data suggests that the strength of the cellular contractile response in collagen lattices is governed by the relative levels of collagen-binding integrins. IGF-II appeared to stimulate α11 integrin synthesis in hGF1 cells, whereas this effect was not seen in hPDL1 cells expressing higher initial levels of α11. The stronger responses of hPDL1 cells to IGF-II compared with hGF1 cells might reflect a higher level of α11β1 in these cells. It seems that in both types of fibroblasts, α11β1 integrin mediates an IGF-IIdependent re-organization of the collagen matrix. Stimulation of α11β1 in regenerating PDL might be important during the contraction phase of the granulation tissue, allowing for a more efficient replacement with fresh non-fibrotic PDL tissue.
Since the promoter region is crucial for the binding of RNA polymerase and initiation of the RNA transcription, polymorphisms in the ITGA11 promoter region could result in dysregulated integrin levels. However, no polymorphisms were identified in this region.
